We study coherent photoproduction of ψ ′ and the subsequent suppression in high energy nuclear collisions. The hot medium effect on charmonium photoproduction is controlled by the competition between the fireball size and nuclear size. The fireball size is related to the hadronic collisions in the overlap area of two colliding nuclei, while coherent photoproduction is distributed over the target nucleus. When the former is smaller than the later, the photoproduction is only slightly affected by the hot medium. We calculate the yield ratio of ψ ′ to J/ψ in semi-central Pb-Pb collisions at LHC energy, while the high pT limit is characterized by the fireball and the hadroproduction, its value in low pT limit can still reach the significant enhancement by photoproduction.
I. INTRODUCTION
Charmonia are considered as a sensitive signal of the quark-gluon plasma (QGP) formation in high energy nuclear collisions [1] . Due to the different binding energies for the ground (J/ψ) and excited (ψ ′ , χ c , ......) states, the initially produced charmonia are sequentially dissociated in hot medium [2] and their suppressions in the final state are used to measure the fireball temperature. Including the cold (such as shadowing effect [3] , Cronin effect [4] and nuclear absorption [5] ) and hot (for instance color screening [2] and regeneration [6] [7] [8] ) nuclear matter effects before and after the hot medium formation, charmonia in heavy ion collisions are deeply investigated at RHIC [9] [10] [11] and LHC [12] [13] [14] [15] energies.
In addition to the charmonium hadroproduction through strong interaction, the charmonium photoproduction through electromagnetic interaction should be taken into account too in high energy nuclear collisions, due to the extremely strong electromagnetic fields created in these collisions. For instance, the magnetic field strength can reach |eB| ≃ 10 m 2 π at LHC energy [16] , where m π is the pion mass in vacuum. The fields generated by one nucleus can be approximated as quasi-real photons moving longitudinally (Weizsäcker-Williams-Method [17] ) and fluctuate into vector hadrons by two gluon exchange with the other nucleus in the lowest order (photon-Pomeron-fusion [18] ). This coherent electromagnetic interaction opens a new mechanism for the charmonium production in heavy ion collisions. The very large nuclear modification factor R AA [19] for J/ψ measured at extremely low transverse momentum p T in ultra peripheral nuclear collisions is far beyond the expectation of hadroproduction but supports the photoproduction mechanism [20] [21] [22] [23] .
The photoproduction is usually taken into account in ultra peripheral collisions where the hadroproduction is absent [24] [25] [26] . When the hadroproduction happens in collisions with nonzero participant nucleons, the photoproduction is expected to be neglected. However, the excess of J/ψ at very low p T is recently observed also in semi-central collisions [19] . Considering the fireball formation in semi-central and central collisions, the finally observed charmonia are controlled by not only the production mechanism but also the suppression mechanism. The hadroproduction, including initial production and regeneration, happens mainly in the overlapped region of the nuclear collision, namely in the formed fireball, and therefore is strongly affected by the hot medium. The photoproduction is, however, a coherent electromagnetic process, and happens mainly on the surface of the colliding nuclei where the temperature is lower and the hot medium effect is weaker. Therefore, the hadroproduction is largely suppressed by the hot medium, but the photoproduction may survive from the fireball. As a result, the photoproduction still dominates the very low p T J/ψs in semi-central collisions [27] . Of course, for central collisions where the electromagnetic fields become weak, the hadroproduction is the dominant source of charmonia at any p T .
What is the hot medium effect on ψ ′ photoproduction? Considering the weaker binding for the excited charmonium states, the ψ ′ dissociation temperature T ψ ′ ≃ T c , where T c is the critical temperature of deconfinement phase transition, is much lower than T J/ψ ≃ 1.5T c [2] , the produced ψ ′ s via photoproduction around the fireball surface may still be eaten up by the hot medium and cannot be seen in the final state. In this paper, we study ψ ′ photoproduction in semi-central nuclear collisions at LHC energy. Taken into account the fact that both the ground and excited states suffer from the similar cold medium effect before their formation, we do not calculate the ψ ′ distribution itself but focus on the ratio of ψ ′ to J/ψ, to eliminate the cold medium effect and focus on the hot medium effect.
II. HADROPRODUCTION AND PHOTOPRODUCTION
We first consider the charmonium hadroproduction. Charmonium production from parton hard scatterings in nucleon-nucleon (pp) collisions is a non-perturbative process. The hadronization of cc pair into color singlet charmonium state Ψ have been studied extensively based on NRQCD model [28] , color singlet model [29] , color evaporation model [30] , etc. In this work, instead of starting from the partonic process, we parametrize the charmonium distribution in pp collisions as an input of charmonium evolutions in the nucleus-nucleus (AA) collisions, and focus on the hot medium effects on different quarkonium bound states. The evolution of the charmonia via hadroproduction in the deconfined medium is controlled by the Boltzmann transport equation [10, 12, 13] ,
where f Ψ (x, p|b) (Ψ = J/ψ, ψ ′ , χ c ) is the charmonium phase space distribution and v = p/E Ψ with charmonium energy E Ψ = p 2 + m 2 Ψ the charmonium velocity. The second term on the left hand side represents the free streaming process. The hot medium induced suppression and regeneration are respectively controlled by the loss term α Ψ and gain term β Ψ . The former in QGP is dominated by gluon dissociation [31] gJ/ψ → cc at finite temperature [12] , and the latter is determined by the inverse process of the gluon dissociation by using the detailed balance between the suppression and regeneration.
The decay rate of charmonia in QGP is therefore connected with parton-charmonium inelastic cross section σ gΨ [32] and also parton density f g ,
and F gΨ is the flux factor. E g and E T = m 2 Ψ + p 2 T are the gluon energy and charmonium transverse energy, respectively. For different bound states, their inelastic cross sections with partons are different, which brings different magnitude of decay rates for (J/ψ, χ c , ψ ′ , etc). The transport equation can be solved analytically, and the solution in central rapidity region is
with the velocity-dependent coordinatex n = x t − v t (τ − τ n ) which indicates the leakage effect in the transverse direction, namely that high speed charmonia can escape from the fireball easily. The first and second terms of the solution come respectively from the initial production at time τ 0 (parametrized with charmonium distribution in pp collisions) and the regeneration at time τ 0 < τ 1 < τ in the hot medium, both suffer from the suppression in the QGP described by the dissociation rate. The initial distribution is a superposition of nucleon-nucleon collisions, controlled by the colliding energy and nuclear geometry, plus an additional modification by the cold nuclear matter effect. The detailed treatment at LHC energy can be seen in Refs. [12, 33] . Both the dissociation rate α and regeneration rate β are temperature dependent. The total dissociation cross section is proportional to the charmonium averaged radius [33] which is determined by the potential model with lattice simulated heavy quark potential [2] . The regeneration rate via coalescence mechanism [34, 35] is proportional to the heavy quark and antiquark distributions f c and fc [36] which are normally taken as kinetically thermalized distributions [37] at LHC energy. The local temperature and fluid velocity of the hot medium, appearing in α, β, f c and fc, are governed by ideal hydrodynamics [12] .
We now discuss the starting time τ 0 of charmonium dissociation in the QGP. It depends on the QGP formation time and the charmonium formation time, and it takes the longer one of the two. For the QGP formed at LHC energy, its formation time is usually taken as ∼ 0.6 fm/c [38] . The cc pairs in heavy ion collisions are initially created by parton fusions gg(qq) → cc with a small distance r cc ∼ 1/(2m c ). To evolve from a pair of cc into a charmonium eigenstate needs about 0.5 fm/c for J/ψ and 1 fm/c for ψ ′ and χ c [39] . In comparison with the QGP formation time, we assume that J/ψs form before the QGP formation and ψ ′ s after the QGP formation. Therefore, we take the starting time of the hot medium effect on charmonia in (3) as 0.6 fm/c for J/ψ and 1 fm/c for ψ ′ and χ c . The different formation time for different charmonium state will not largely affect the charmonium distributions at low p T where the charmonium production is governed by the regeneration and photoproduction but sizeably change the high p T distribution where the initial production becomes the dominant mechanism.
With Cooper-Frye formula [40] , the number of Ψs via hadroproduction at proper time τ is
with charmonium transverse energy m t = m 2 Ψ + p 2 T . We now turn to the evolution of the charmonia via photoproduction. With large magnitudes of electromagnetic fields, the photoproduction can enhance or even dominate the charmonium yield at extremely low p T in nucleus-nucleus collisions with b < 2R A [19, 41] where R A is the colliding nuclear radius. By treating the energy flux of the electromagnetic fields created by one colliding nucleus as equivalent quasi-real photons, one can approximate the vector meson production through the electromagnetic interaction with the other nucleus to be a scattering process between photons and the nucleus, γA → ΨA, see Fig.1 . The photon energy spectrum is determined by the Poynting vector of the electromagnetic fields [44] with the conservation of the energy flux through the transverse FIG. 1: Upper schematic figure is to approximate the Lorentzcontracted electromagnetic fields as longitudinally moving photons [42] . Lower schematic figure is for the coherent photoproduction of color singlet vector mesons (charmonium in this case) from photon-nucleus interactions with two gluon exchange [43] .
plane,
where Ze is the nuclear charge, γ l = √ s N N /(2m N ) the nucleon Lorentz factor, k t the photon transverse momentum, J 1 the first kind Bessel function, and α = e 2 /(hc) the electromagnetic coupling constant. The nuclear form factor F (q 2 ) is the Fourier transform of the charge distribution in the nucleus. The photon-nucleus coherent cross section σ γA can be scaled from photon-proton scattering cross section,
2 is the minimum momentum transfer squared to produce a vector meson with mass M J/ψ in the laboratory reference frame. f 2 V /4π = 10.4 is fitted with J/ψ mass and its leptonic decay width [18] . T A is the thickness function of target nucleus. J/ψ-proton total scattering cross section is obtained from [18, 27, 45] fitted with HERA experimental data.
The strong electromagnetic fields can not only produce vector mesons and dileptons, but also break the target nucleus, which will change the nuclear charge distributions and therefore the form factors in the formula of photon density Eq.(5) and also photon-nucleus cross section Eq.(6). This mechanism becomes the main source for the nuclear breakup in Ultra-peripheral collisions with b > 2R A . However, this effect is much smaller compared with the contributions of hadronic collisions at b < 2R A , and is neglected in this work.
With both the photon density and γA cross section, one can obtain the charmonium number via photoproduction (For more details about charmonium final photoproduction with hot medium effect, please see [27] ),
where the charmonium rapidity y in laboratory frame is related to the photon energy y = ln[2w/M Ψ ],f Ψ is the produced Ψ number per unit of transverse area through the process γA → ΨA, including the modification from the cold nuclear matter effects [27] , and the exponential factor indicates the suppression by the hot medium effect. Note that quasi-real photons interact with the entire nucleus coherently, and the produced charmonia are over the entire nuclear surface. This is very different from the hadroproduction where charmonia are produced mainly in the overlap region of the two colliding nuclei where the QGP is formed. With the different spatial distributions, the produced charmonia via hadroproduction and photoproduction will suffer from different suppression, and this will help us to distinguish the two production mechanisms.
The finally observed charmonia number is
Considering the decay contribution from excited states to ground state, we take for J/ψ in the final state 60% from the direct production (including both initial production and regeneration) and 40% from ψ ′ and χ c decay.
III. HYDRODYNAMIC EQUATIONS FOR QGP EVOLUTIONS
The deconfined medium with large pressure gradient in the transverse plane expands outside violently after the nuclear collisions, with a lifetime of a few f m/c. One can employ the hydrodynamic equations for the QGP spatial and time evolutions, 
IV. NUMERICAL RESULTS
We first consider the charmonium distribution at extremely high p T where the regeneration and photoproduction can be safely neglected and the initial production becomes the only charmonium source. To have a direct comparison with the CMS data for prompt charmonia, we do not include the feedback from the B-mesons. The model calculation of the double ratio R Fig.2 . Since the excited state ψ ′ is loosely bound and the ground state J/ψ is tightly bound, ψ ′ is much more easily dissociated in the QGP, and the double ratio is always less than unit [49] . With increasing number of participants, the fireball temperature goes up and the suppression for both J/ψ and ψ ′ increases. In our model calculation, the double ratio in semi-central and central collisions is almost a constant, which is in reasonable agreement with the CMS data at √ s N N = 5.02 TeV. The turning point located at N p ≃ 50 corresponds to the ψ ′ dissociation temperature. In order to see the competition between hadroproduction and photoproduction, we turn to calculate the charmonium p T distribution in semi-central events. In Fig.3 we show the yield ratio N Fig.2) , and the data are from the CMS collaboration [48] for minimum bias events.
In the limit of high p T , there are no photoproduction and regeneration, the charmonium yield is controlled by the initial production and the subsequent suppression in the QGP phase. From the hydrodynamic calculation which determines the local temperature and velocity of the fireball, the initial QGP distribution in the transverse plane is shown in the lower panel of Fig.4 for the two semi-central events. The corresponding space distribution of the ψ ′ number density through hadroproduction is shown as dashed lines in the upper panel, where the number is scaled by its maximum value. The initial QGP with temperature T > T c is created in the region of |x| < 4 fm/c for events with b = 12 fm and |x| < 6 fm/c for events with b = 8.4 fm. In both cases, the QGP region covers the corresponding hadroproduction region |x| < 2.5 fm and |x| < 4 fm. Therefore, the strong hot medium effect on ψ ′ leads to a small yield ratio N In the other limit of extremely low p T shown in Fig.3 , the charmonia come mainly from the photoproduction. The scaled ψ ′ number density distribution from photoproduction is plotted as solid lines in the upper panel of AA in extremely low p T region in semi-central collisions b < 2R A can also help to clarify the photoproduction process of vector mesons and dileptons. One argument is that particle photoproductions happen before the hadronic collisions, i.e., the electromagnetic fields for photoproduction are generated by the entire source nucleus, and interact with the entire target nucleus. The other argument is photoproductions happen after the hadronic collisions. The electromagnetic fields generated by spectators in the source nucleus interact with spectators in the target nucleus. Nuclear electric charges in the area of hadronic collisions do not contribute to the photoproduction. In the "nucleus-nucleus" scenario which is employed in this work, QGP effects can strongly suppress the ψ′ production, make N AA are suppressed or not in p T < 0.1 GeV/c in semi-central collisions, can help to distinguish the two different mechanism of particle photoproduction.
V. SUMMARY
In summary, we investigated the ψ ′ photoproduction and the subsequent hot medium effect in high energy nuclear collisions. Since the photoproduction is a coherent process, it takes place on the two colliding nuclear surfaces, and the hot medium effect is weaker in comparison with the hadroproduction. As a result, when the produced fireball is smaller than the colliding nuclear, the charmonia at extremely low p T is still controlled by the photoproduction. For Pb-Pb collisions with impact parameter b ∼ 12 fm at LHC energy, while the yield ratio of ψ ′ to J/ψ is dominated by the hot medium in high p T limit, its low p T limit is precisely described by the photoproduction without visible medium effect.
